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Abstract 
 
The formation of furfural from xylose was investigated under heterogeneously catalyzed 
conditions with sulfonated Starbon®450-SO3H as catalyst in a biphasic system. Experiments 
were performed based on a statistical experimental design. The variables considered were time, 
temperature and the ratio of aqueous to organic phase. The results indicate that sulfonated 
Starbon®450-SO3H can be an effective solid acid catalyst for furfural formation. Starbon®450-
SO3H was characterised by scanning electron microscopy, N2-physisorption, thermogravimetric 
analysis, diffuse reflectance infrared Fourier transform, Raman spectroscopy, pyridine titration 
and X-ray photoelectron spectroscopy. A maximum furfural yield and selectivity of 70 mol% was 
achieved at complete xylose conversion under optimum experimental conditions. The present 
paper suggests that functionalized Starbon®450-SO3H can be employed as an efficient solid acid 
catalyst that has significant hydrothermal stability and can be reused for several cycles to produce 
furfural from xylose.  
 




Furfural (FUR) has been highlighted as one of the top ten most rewarding bio-based building 
blocks by the United States Department of Energy. FUR can be employed directly as a chemical 
solvent and selective extractant, fungicide and as a component of disinfectors, rust removers and 
pesticides.[1, 2] Furthermore, FUR withholds the potential to be further transformed directly or 
indirectly into more than 80 valuable chemicals[2]. Among these chemicals, FUR can be 
hydrogenated to furfuryl alcohol, which has applications in the biofuel and food industries (furfuryl 
alcohol represents around 60% of the FUR market[3]). It can also be used in the manufacturing of 
chemical resistant furanic resins. Other attractive chemicals that can be obtained from FUR are 
levulinic acid, 2-methyltetrahydrofuran, furan and furoic acid.[2, 4] 
FUR is typically produced by dehydration of C5-sugars (arabinose and xylose) contained in the 
hemicellulose of lignocellulosic biomass. The production of FUR at industrial scale is associated 
with high reaction temperatures (approximately 200 °C) and mineral acids (usually sulfuric and 
hydrochloric acids) that have various process drawbacks, such as the production of toxic 
effluents, equipment corrosion and consumption of high stripping-steam-to-FUR ratios. 
Furthermore, the number of side reactions under these conditions limits FUR yields to 
approximately 50%.[5] Recent research in this field has focused on increasing the FUR yield with 
reusable solid acid catalysts to replace typically used homogenous acid catalyzed conditions. A 
wide range of solid acid catalysts for this purpose have been developed to produce FUR from 
xylose, such as zirconia,[6-9]alumina,[9, 10] zeolites,[9, 11-16] aluminosilicates supported with metals,[17] 
modified silica,[18-25] sulfonated graphenes,[26] heteropolyacids,[7, 27, 28] coated activated carbon,[29] 
and resins.[21, 30, 31] However, one of the main challenges of heterogeneous catalysis is the 
hydrothermal stability of the solid catalysts and the blocking of active sites by humins (insoluble 
polymeric products formed via condensation and resinification of furanic compounds).[6, 15, 32] 
Carbon-based catalysts offer high hydrothermal stability.[33] Carbon materials, such as 
functionalized activated carbon,[29] offer exciting opportunities for the catalytic conversion of 
 
biomass into value-added chemicals due to their potential to be produced from biomass, their 
ability to be functionalized by various methods and their hydrothermal stability. Sairanen et al[29] 
impregnated activated carbon with H2SO4, HNO3 and a combination of both in order to form FUR 
from xylose in aqueous media. Even though xylose conversion is complete under the reported 
experimental conditions, FUR yield is not shown in the paper and the reusability of the catalyst is 
not mentioned. In a similar way, Termvidchakorn et al[34] functionalized  multi-wall carbon 
nanotubes with mineral and organic acids. They employed the functionalized catalysts to form 
FUR from xylose and achieved the highest xylose conversion (95%) when adding Co 
(Co(NO3)2·6H2O was used as precursor) in 3 h at 170 °C. Nevertheless, the amount of FUR yield 
was not reported. Moreover, the carbon-based catalysts employed were not investigated for their 
hydrothermal stability or reusability potential. Unlike previous carbon-based catalysts, Lam et al[26] 
developed a sulfonated graphene oxide that yielded FUR (62%) in 35 min at 200 °C in water. 
Nevertheless, the production of graphene oxide includes several steps and various chemicals. 
Jalili et al. reported in their recent paper that graphene derivatives contain silicon, which has a 
significant impact on their performance.[35] Among these carbon-based catalysts, a mesoporous 
material derived from renewable bio-resources (potato and corn starches) known as 
Starbon®450-SO3H has demonstrated superior selectivities and activities in various acid 
catalyzed aqueous phase reactions, such as the esterification of succinic acid.[36-39] In addition, 
Starbon®450-SO3H functionalities can be tuned, such as hydrophilicity, which makes it possible 
to dehydrate xylose in an aqueous phase. 
The aim of the present paper was to employ Starbon®450-SO3H as a solid acid catalyst for the 
dehydration of xylose to produce FUR. Cyclopentyl methyl ether (CPME) was added to the 
aqueous xylose solution to extract formed FUR into the organic phase as part of a biphasic 
system.[40] CPME has demonstrated to be an efficient green solvent in the extraction of FUR.[41, 
42] Furthermore, the hydrothermal stability of the solid acid catalyst and its reusability were 
 
thoroughly investigated. The characteristics of the solid catalyst were studied in detail by SEM, 
EDX, N2-physorption, Py-titration, TGA, DRIFT and Raman spectroscopy.  
Experimental 
Materials 
D-Xylose powder (99%, Sigma Aldrich), CPME (99.9%, Sigma Aldrich) furfural (99%, Sigma 
Aldrich), potato starch (Sigma Aldrich), sulfuric acid (49–51%, HPLC grade, Sigma Aldrich) were 
used in the experiments and as calibration standards as purchased, without further purification. 
Formic acid (98%, Sigma Aldrich), levulinic acid (99%, Sigma Aldrich) and acetic acid (99%, HPLC 
grade, Sigma Aldrich) were used for the preparation of calibration standards for HPLC analysis. 
Millipore grade water was used for preparing the solutions. 
Methods  
Xylose Dehydration Reaction Experiments in Biphasic System 
D-xylose in a concentration typical for biomass hydrolysate (186 mmol l-1) was freshly prepared 
before the experiments. These experiments were performed in auto-catalyzed reaction system 
where some side products (namely carboxylic acids) or intermediates, formed during the reaction, 
may have had a catalytic effect.[43, 44] In a typical experiment, the samples were prepared by 
heating 0.75 ml of an aqueous solution of 186 mmol l-1 xylose, 2.25 ml of CPME and 21 mg of 
sulfonated Starbon®450-SO3H using a glass reactor (V = 8 cm3) with magnetic stirring (600 min- 1) 
(Figure S1, Tables S1 and S2 in the Supplementary Information). The vials were heated up in a 
silicone oil bath until the desired temperature was reached. Time zero was set when the vials 
were immersed into the oil bath. Towards the reaction end time, the vials were pulled up from the 
silicone oil bath and rapidly cooled in an ice bath. The prepared solutions were used for 
determining FUR yield, selectivity and xylose conversion in different reaction conditions. After 
reaction, vials were rapidly cooled by submerging them into an ice bath. The individual 
 
experiments were organized according to a central composite design on two variables. This 
design enabled to determine the effects and statistical significance of the reaction conditions on 
sample properties. The variables, reaction temperature and time, were varied on three different 
levels. The design thus consisted of 11 experiments, including 3 replicated experiments at the 
design center (175 °C in 12.5 h) (Table 1).  
Determination of FUR and by-products 
Samples for analysis were drawn from both the organic phase (top) and the aqueous phase 
(bottom) after microwave heating. Xylose, carboxylic acids (formic, acetic and levulinic acids) and 
FUR from aqueous phase were analyzed separately by High Performance Liquid 
Chromatography (HPLC) operating a Dionex UltiMate 3000 HPLC (Dionex, Sunnyvale, CA, USA) 
device equipped with refractive index (RI) and ultraviolet (UV) diode array detectors. Product 
separation was achieved on a Rezex ROA-Organic Acid H+ (8%) LC column (7.8 mm × 300 mm, 
Phenomenex, USA). Aqueous sulfuric acid (0.0025 mol l-1) was used as eluent with a flow rate of 
0.5 ml min-1. The column temperature and the RI-detector temperature were set to 55 °C. The 
FUR concentration was determined by the UV-detector at a wavelength of 280 nm. Xylose 
concentration was simultaneously analyzed by the RI-detector and the UV-detector at 210 nm.[45] 
The samples were filtered through a 0.45 m syringe filter before the analysis. 
FUR from the organic phase was analyzed by gas chromatography with a flame ionization 
detector (GC-FID) relative to iso-butanol as internal standard (IS). The column used was a DB-
WAXetr (30 m, 0.32 mm i.d., 1 µm film thickness) from Agilent Technologies Inc. The injected 
samples (0.5 µL) were subjected to a splitless ratio of 20:1 in the inlet, which was maintained at 
250 °C and pressure of 13 psi. Helium was used as the carrier gas. The oven was initially 
maintained at 80 °C for 1 min, after which the temperature was increased to 250 °C at 30 °C min-1. 
 
The FID was operated at 250 °C with hydrogen, air, and helium delivered at 30 mL min-1, 380 ml 
min-1, and 29 ml min-1, respectively.  
Catalyst preparation 
Starbon®450-SO3H catalyst was synthesized according to known literature procedure with minor 
modifications.[46] First, the starting material (starch from potato, Sigma-Aldrich) was heated up in 
water to 140 °C for 2 h (150 g starch in 3 L deionized water). Upon cooling the warm solution was 
poured into a vial at room temperature, and it was further cooled down to 5 °C for 48 h until 
formation of a porous gel in water. To avoid the structure to collapse while drying, several solvent 
exchange steps were conducted until water was fully replaced by ethanol (5 times), and finally by 
acetone (2 times) to stabilize the porous network. The resulting materials were then filtered off 
and dried overnight at 50 °C under vacuum, rendering the mesoporous starch structure, 
subsequently calcined at 450 °C under inert atmosphere (N2, 50 mL min-1) by using the following 
heating conditions: from RT to 450 °C, heating rate 1 °C min-1; temperature maintained for 1 h. A 
purge with nitrogen prior to carbonization was conducted to ensure the absence of oxygen in the 
first steps of carbonization.  
For sulfonation, the calcined Starbon®450 material was suspended in H2SO4 of 95-97% purity 
(10 mL acid per gram of material and 4 h at 80 °C). After sulfonation, samples were thoroughly 
washed with distilled water until neutral pH value, and finally oven dried at 100 °C overnight. The 
resulting functionalized mesoporous acid material is denoted as Starbon®450-SO3H (STARch 
carBONized at 450 °C with sulfonic acid groups). 
Catalyst characterization 
 
Scanning electron microscopy (SEM) images were recorded at 5 kV using a JEOL JSM-7800F 
PRIME Schottky Field Emission Scanning Electron Microscope equipped with a high resolution 
Gentle Beam (GBSH). Samples were deposited on conductive carbon tabs. The instrument has 
 
a field emission gun and it is also equipped with an EDX (energy dispersive X-ray) detector for 
chemical analysis. 
Thermogravimetric analysis (TGA) was carried out in a Setaram Setsys 12 using air as carrier 
gas (50 mL min-1). The sample was loaded in ceramic crucibles with-Al2O3 used to as reference 
compound and a Pt/Pt-Rh (10%) thermocouple. The heating rate employed was 10 K min-1 in all 
cases. 
Diffuse Reflectance Infrared Fourier Transform (DRIFT) spectra were recorded on an ABB 
BOMEM MB 3000 Instrument equipped with an environmental chamber (Spectra Tech, P/N, 
0030-100) placed in the diffuse reflectance attachment. The resolution was 8 cm-1 and 256 scans 
were averaged to obtain the spectra in the 4000-400 cm-1 range. Spectra were recorded by using 
KBr as a reference. The samples for DRIFTS studies were prepared by mechanically grinding all 
reactants to a fine powder (sample/KBr 1:5.7 ratio).  
A Micromeritics Tristar II-Physisorption Analyzer was utilized to record the nitrogen sorption 
isotherms for fresh and spent catalysts. All samples were dried at 105 °C and exposed to nitrogen 
gas for 12 h before measurement and the isotherms were taken at 77 K. The samples were 
exposed to ~20 % humid room air for about 1 minute during the transfer to the holders. The 
specific surface area (ABET) was determined by the Brunauer-Emmett-Teller (BET) model[47] at 
relative pressures between 5 and 35% where the data points were observed to arrange linearly. 
The specific pore volume (Vp) was estimated from N2 uptake at a p/p0 value of 0.99 while recording 
approximately 150 equilibrium data points. The pore width distribution (dp) was deduced from the 
desorption branch using the Barrett-Joyner-Halenda (BJH) method.[48]  
Xylose adsorption tests were done by stirring 3 mL of an aqueous solution of 186 mmol l-1 xylose 
using a borosilicate glass reactor (V = 10 cm3) with magnetic stirring (600 min-1) and 50 mg of 
 
Starbon®450-SO3H. Agitation of the suspension for 24 h at room temperature (25 °C). 
Determination of xylose adsorption was performed by HPLC analysis. 
Pyridine (PY) titration experiments were conducted similarly to the method found in the literature 
with few modifications.[49] The experiments were performed at 200 °C via gas phase adsorption 
of the basic probe molecules utilising a pulse chromatographic titration methodology. Briefly, 
probe molecules (typically 2-5 μL) were injected into a gas chromatograph (GC) through a 
microreactor in which the solid acid catalyst was previously placed. Basic compounds were 
adsorbed to full saturation, from where the peaks of the probe molecules in the gas phase were 
detected in the GC. The quantity of probe molecule adsorbed by the solid acid catalyst could 
subsequently be easily quantified.  
Raman spectra were measured using a WITec alpha300 R Raman microscope (alpha 300, 
WITec, Ulm, Germany) equipped with a piezoelectric scanner using a 532 nm linear polarized 
excitation laser. The measurement was conducted directly on the powder catalyst after washing 
and drying.  
The surface characterization was done with X-ray photoelectron spectroscopy (XPS) on a SPECS 
system equipped with an Al anode XR50 source operating at 150 mW and a Phoibos 150 MCD-
9 detector. The pressure in the analysis chamber was always below 10-7 Pa. The area analyzed 
was about 2 mm × 2 mm. The pass energy of the hemispherical analyzer was set at 25 eV and 
the energy step was set at 0.1 eV. The sample powders were pressed to self-consistent disks for 
XPS analysis.  
In this study conversion was defined in terms of moles of reactant converted per unit volume of 
reactor (Eq. 1). Selectivity, at an instant, was the generated number of moles of desired product 
referred to the moles of reactant converted (Eq. 2). Yield was calculated as the amount in moles 
of desired product (FUR) produced related to the amount of xylose converted (Eq. 3)[50]. The 



















𝑓 × 100 [%]     (Eq. 3), 
where X, S, Y are the– conversion of xylose, selectivity to FUR and FUR yield, respectively; c is 
the– concentration in mmol l-1 (the subscripts xyl, fur, in, f refer to xylose, FUR, initial, final). The 
original experimental design and the calculated results are illustrated in Table 1. 
 
Table 1. Variables and the calculated response values based on the experiments. 
Exp. 







1 150 1 0.7 1.3 53.1 
2 200 1 69.5 95.9 72.5 
3 150 24 52.2 79.5 65.6 
4 200 24 21 100 21.0 
5 150 12.5 54.4 78.5 69.2 
6 200 12.5 50.3 100 50.3 
7 175 1 20 30.8 64.8 
8 175 24 60.2 100 60.2 
9 175 12.5 61.8 100 61.8 
10 175 12.5 63.2 100 63.2 
11 175 12.5 64.6 100 64.6 
 
 
Once the concentrations of FUR and xylose had been determined in each sample, individual 
prediction models were built for xylose conversion, furfural yield and selectivity separately by 
solving the general linear regression equation (Eq. 4).[51]  
y = Xb + e  (Eq. 4) 
 
by minimizing the sum of squares of model residuals through the least-squares estimate (Eq. 5): 
 
b = (XTX)−1XTy (Eq. 5) 
 
where y denoted a vector of response values, X the mean-centered and coded design matrix 
including interaction and second-order terms, b a vector of model coefficients and e the model 
residuals. Statistically insignificant model terms (p > 0.10) were excluded based on an F-test 
that compared the effects with the respective model residuals. The performance of the models 
was expressed through the R2 value, which indicated the proportion of data variation explained 
by each individual model. 





Fig. 3 corresponds to a representative image of Starbon®450-SO3H catalyst powder revealing 
the characteristic morphology of particles with sharp edges similar to that reported in the 
literature.[52] Particles are compact and their size is in the range of 50-100 μm.  
 
 
Figure 3. SEM images of the Starbon®450-SO3H catalyst powder obtained at different 
magnifications, (a) 180X and (b) 650X. 
EDX analyses showed that the catalyst had a very homogeneous composition. Table 1 compiles 
the mean values obtained in three different regions of the sample. They showed small variations 
in the content of the elements detected (0.2%). 
Table 1. Energy-dispersive X-ray spectroscopy (EDX) analysis of Starbon®450-SO3H. 
Element Wt. % Atomic % 
C 68.9 ± 0.2 75.2 ± 0.2 
O 29.3 ± 0.2 24.0 ± 0.2 
S 1.8 ± 0.1 0.8 ± 0.0 
Total: 100.0 100.0 
 
 
DRIFT and thermal gravimetric analysis 
The DRIFT spectra of Starbon®450-SO3H is shown in Figure 4. It exhibits two maxima at 1735 
cm-1 and 1612 cm-1, which can be assigned to asymmetric stretching vibrations of –COOH 
carboxyl and –COO- carbonyl and/or –C=O ketone units and to the stretching vibrations of C=C 
bonds in aromatic carbon rings, respectively.[53] The band at 1227 cm-1 can be attributed to 
asymmetric stretch of –C-C-C bridges in ketonic groups and/or to deformation vibrations of O-H 
in the carboxylic acid groups. XPS spectra exhibits a peak at 1057 cm-1, which is assigned to 
symmetric S=O stretching of sulfonic groups attached to the material.[54-57] [58] In order to study 
a 
10 µm  100 µm  
b 
 
the pyrolysis process and how the rate of heating affects the material during the pyrolytic formation 
of Starbon®450-SO3H, DTA/TGA curves were recorded (Figure S4). The DTA curve for 
Starbon®450-SO3H exhibits two exothermic peaks at 100 °C and 540 °C due to moisture in the 
sample and to the combustion of the carbon matrix, respectively.[40] The TGA curve of 
Starbon®450-SO3H showed a steep weight loss of nearly 70% between 350 °C and 600 °C due 























Figure 4. DRIFT-infrared spectra of Starbon®450-SO3H. 
N2-physisorption – Py TPD 
 
BET (Brunauer-Emmett-Teller) specific surface area, pore volume, xylose adsorption capacity 
and acid site density of Starbon®450-SO3H are compiled in Table 2. Starbon®450-SO3H shows 
a BET of 220 m2 g-1, a pore volume of 0.4 cm3 g-1 and a pore width of 3.9 nm, which are similar 
 
to previously reported literature on similar materials.[39] As published in literature, a large surface 
area is preferable to facilitate the accessibility of xylose.[59]   
Xylose adsorption was investigated to determine the availability of the reaction starting material 
xylose at the surface. Adsorption of sugar solutions (xylose[29, 60, 60] and fructose[61]) in aqueous 
phase onto solid materials has been investigated by previous researchers. According to Sairanen 
et al,[29] if the amount of xylose adsorbed on the catalyst surface is higher than the amount of acid 
sites, this indicates that xylose is adsorbed at sites other than the Brönsted sites as determined 
in our studies by pyridine titration. Brönsted acid sites are associated with direct dehydration of 
xylose into FUR, while Lewis acid sites are known to shift the equilibrium towards the isomers 
(especially xylulose).[9, 9, 62, 63, 63] Our results showed that the concentration of xylose adsorbed on 
the surface was slightly higher than the catalyst acid site density, suggesting that acid sites other 
than Brönsted are present on the surface of the catalyst. Nevertheless, even if Lewis acid sites 
were present on the surface of Starbon®450-SO3H, they did not play a significant role in the 
isomerization of xylose into xylulose, since xylulose was not detected in HPLC. Other literature 
reported materials including mesoporous silica SBA-15 have been reported to have lower acid 








Table 2. Textural properties (i.e., BET (ABET), Pore volume (Vp) and Pore diameter (dp) and acid 
properties of Starbon®450-SO3H. 






Acid site densityb 
(mmol Py g-1) 
220 0.4 3.9 0.32 0.29 
a 50 mg of Starbon®450-SO3H in 3 mL of a xylose solution (186 mmol l-1). Agitation of the 
suspension for 24 h at room temperature (25 °C). Determination of xylose adsorption by HPLC 
analysis. Adsorbed amount of xylose per gram of catalyst. 
b Pyridine (PY) titration value at 200 °C. 
 
Monophasic system 
Xylose dehydration into FUR in aqueous phase leads to rapid decomposition of FUR and provides 
low product yields[6]. As Figure S2 displays (in the Supplementary Information) the auto-catalyzed 
system of xylose dehydration (3 ml of a 186 mmol l-1 xylose solution) at 170 °C in various reaction 
times (1 – 6 h), the highest FUR yield was 38% at a xylose conversion of 58% (after 6 h). A 
selectivity to FUR (74%) was reached after 5 h, which decreased to 66% after 6 h. With the 
addition of Starbon®450-SO3H (50 mg) to the aqueous xylose solution (3 ml of 186 mmol l-1 ) at 
170 °C in various reaction times (1-6 h), the highest FUR yield was 42% at a xylose conversion 
of 73% (after 6 h, Figure S2). When adding Starbon®450-SO3H, FUR yield and xylose conversion 
increase in comparison to the auto-catalyzed system. This is due to the addition of acid sites into 
the system. In a similar published system, a high selectivity to FUR (67%) was reached after 2 h 
at 170 °C, which gradually decreased with increasing reaction time. Under similar conditions (2 h 
at 170 °C), alumina on cordierite reached a selectivity to FUR of 30%; polymeric resins, such as 
 
Nafion NR40 and Amberlyst DT showed a selectivity to FUR of 48% and 27%, respectively.[6] In 
order to avoid FUR decomposition, and to increase its yield, a biphasic system was developed 
adding an organic solvent that would protect FUR formed.   
Partition coefficient 
The partitioning of FUR was investigated by conducting hydrothermal reactions wherein a solution 
of 5 wt% FUR in water was heated with CPME for 60 min at 170 °C at five different ratios of 
aqueous-to-organic solvent: 1:5, 1:2, 1:1, 2:1 and 5:1 (v/v) and 25 mg of Starbon®450-SO3H. 
Figure S3 shows the FUR partition coefficients (P) obtained with CPME, where P was calculated 




  (Eq. 6) 
 
A FUR partition coefficient of 3.4 was obtained with an aqueous to CPME fraction ratio of 5:1. 
This value decreased to 3.3, 3.2, 3.0 and 2.8 as the aqueous-to-CPME fraction ratio increased to 
1:2, 1:1, 2:1 and 5:1, respectively. The selection of the aqueous-to-organic phase ratio in a range 
of 1:5 to 5:1 has a rather low influence on the partition coefficient as highlighted in Fig. S3. 
 
Effect of the Ratio Water-CPME on Furfural Yields 
In order to evaluate the effect of the ratio water-CPME on catalyzed xylose conversion and furfural 
yields, eight ratios of aqueous to organic phase (5:0, 5:1, 3:1, 2:1, 1:1, 1:2, 1:3 and 1:5; v/v) were 
studied. When the reaction was performed in pure water (ratio 5:0), the yield of the produced FUR 
did not exceed 10%, and the selectivity was approximately 37% (Figure 1). Furthermore, the 
conversion of xylose was around 27%. By increasing the aqueous to organic phase ratio, the 
selectivity to FUR increased with values of 60%, 56%, 55% and 51% for water-CPME volumetric 
ratios of 5:1, 3:1, 2:1 and 1:1, respectively. Additionally, when the water-to-CPME volumetric 
 
ratios increased even more to 1:3 and 1:5, the FUR yield increased to 18%, due to a concomitant 
increase of the conversion rate. Experiments employing pure CPME were excluded from this 
study, since xylose has been proven to be almost insoluble in this organic solvent, hence FUR 
yields are generally minimal.[66] Even though the selectivity and xylose conversion are higher at 
water-to-CPME volumetric ratios of 1:5 than at 1:3, it is not practical for industrial applications. 
Thus, the ratio of 1:3 was selected for further experiments. This is in accordance with published 
literature, since biphasic systems benefit from higher organic-to-aqueous phase ratios.[67] 















Figure 1. Effect of aqueous-to-organic ratio on FUR yield when using CPME. The effect was 
determined for a solution of xylose (186 mmol l-1) heated for 60 min at 170 °C with 25 mg of 
Starbon®450-SO3H (and then cooled down to 4 °C) at eight different ratios of aqueous to organic 
solvent: 5:0, 5:1, 3:1, 2:1, 1:1, 1:2, 1:3 and 1:5 (v/v). 
Practically all xylose was converted at 200 °C in 1 h. Nevertheless, at 150 °C only 1.3% of the 
xylose was decomposed (Figure 2a). Yield of FUR varied from 0.7% to 69.5%. Based on the 
results, FUR yield increased when reaction temperature and reaction time increased, but 
decreased when reaction times longer than 17 h at 200 °C were used (Figure 2b). Selectivity to 
FUR ranged from 1.5% and 72.5%. Figure 2c shows that the highest selectivities were achieved 
 
at low reaction temperatures (150 °C-170 °C) and long reaction times (>10 h) or short reaction 
times (1-10 h) and high temperatures (170 °C-200 °C). 
Prediction models for xylose conversion, furfural yield and selectivity were also successfully 
determined based on the results. R2 values indicated that the models explained 92-99% of 
variation in sample properties. The obtained models were then used to predict xylose conversion 
and FUR yield of the samples within the experimental design range. As illustrated in Figure 2, 
both reaction temperature and time were statistically significant for xylose conversion, FUR yield 
and selectivity. Interaction effects between reaction temperature and time were also significant 
based on the determined models. As an example, longer reaction times increased xylose 
conversion at lower temperatures, but the effect of time decreased at higher temperatures (Fig. 
2a). Longer reaction times also decreased significantly FUR yield at higher temperatures (Fig. 
2b). The highest selectivities were thus obtained by combining high reaction temperature with low 
reaction time, or low to medium reaction temperature with medium to high reaction time (Fig. 2c). 
The overlay plot in Fig. 2d also suggested that a local optimum, where both xylose conversion 
and FUR yield were maximized, existed within the experimental design range. Even though, 
another optimum could be found at reaction temperatures above 200 °C and reaction times below 
6 h (Fig. 2d), these conditions were not possible to perform in the present set-up. Furthermore, 
those experimental conditions could present a challenge for the hydrothermal stability of the 
catalyst. A verification experiment was thus performed by combining a reaction temperature of 
175 °C with a reaction time of 18 hours. The obtained results indicated that 100% of xylose was 
converted to 69.3% FUR during the first cycle. The verification results were in good agreement 
with the model predictions, which suggested that 101 ± 25.0% of xylose would be converted to 
66.9 ± 10.5% (α=0.10). The results of analysis of variance are summarised in tables S1, S2 and 




Figure 2. Contour plots based on model prediction for (a) conversion of xylose (%, R2 = 0.92); 
(b) furfural yield (%, R2 = 0.99); selectivity (%, R2 = 0.92), and; (c) an overplay plot of xylose 
conversion and furfural yield. The yellow patterned area in (d) indicates 100% xylose conversion 
and a furfural yield of 60% based on the model predictions.  
 
Reusability 
The hydrothermal stability of Starbon®450-SO3H under the investigated reaction conditions was 
tested by employing the same catalyst in a series of xylose dehydration reactions. Prior to each 
cycle, the sample was washed with deionized water and dried at 105 °C. Figure 5 shows three 
 
consecutive reaction runs of Starbon®450-SO3H (at 175 °C in 18 h using 21 mg of Starbon®450-
SO3H in 0.75 ml of xylose concentration 186 mmol l-1 and 2.25 ml of CPME). The notation for 
Starbon®450-SO3H after the reusability test includes a hyphen and the reusability cycle number, 
e.g. Starbon®450-SO3H—1. 
After 3 cycles, the catalytic activity of the reused catalyst stayed stable, yielding 70% FUR at 
complete xylose conversion. Under similar conditions (175 °C, 18 h and 1:3 aqueous to CPME 
phase ratio), the auto-catalyzed system reaches 100% xylose conversion and 59% FUR yield.  
As a non-destructive method, Raman spectroscopy is commonly used to characterize the 
structure of carbon-based materials. As shown in Figure 6, all the samples show two pronounced 
bands: D and G bands at around 1344 cm-1 and 1593 cm-1, respectively, which are a typical 
characteristic for graphitic carbon and show the presence of aromatic carbon sheets.[68] The D-
band is associated with the breathing modes of sp3 atoms and is activated only in the presence 
of defects and disorder in the carbon structure, whilst the G-band is attributed to the vibrations of 
sp2 bonded carbon atoms in the hexagonal lattice. The higher frequency position of the G-band 


















Figure 5. Reusability of Starbon®450-SO3H for the dehydration of xylose to FUR using 21 mg of 
catalyst at 175 °C for 18 h (xylose conversion (white bar), FUR yield (blue bar) and selectivity to 
FUR (striped bar)).  
 
As shown in Figure 6, the Raman spectra of the catalyst before and after the cycles are very 
similar. The intensity ratio of the G and D band, ID/IG can be used to estimate the defect level. The 
ID/IG ratios are virtually identical: 0.984, 0.961, 0.962 and 0.964 for Starbon®450-SO3H—fresh, 
Starbon®450-SO3H—1, Starbon®450-SO3H—2 and Starbon®450-SO3H—3, respectively. 
Therefore, the catalyst is stable and reusable, in agreement with the reusability tests which also 
did not show any loss of yield and selectivity between the three cycles.  
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Figure 6.  Raman spectra of the catalyst before and after reusability cycles. 
 
Apart from Raman spectra studies, a detailed XPS analysis was performed to get a deeper insight 
about the surface composition of the materials. In Fig. S5 and Table S3 (In the Supplementary 
Information) the binding energy values and surface atomic composition of metal oxides before 
and after hydrothermal reaction are shown. As it can be demonstrated, there are no significant 
changes in the chemical composition of the surface of Starbon®450-SO3H before and after 
hydrothermal reaction. 
 
Starbon®450-SO3H is a very attractive solid acid catalyst to form FUR from xylose due to its high 
BET surface area, excellent hydrothermal stability, and high acid site density. It is interesting to 
compare its performance with those of other carbon-based catalysts employed in similar set-ups. 
 Wang et al developed a Miscanthus-based catalyst with sulfonic groups for the FUR formation 
from xylose and xylan in a CPME/H2O 3:1 phase ratio (v/v). Under optimized conditions, they 
reported a FUR yield of 60% and 42% from xylose and xylan, respectively (190 °C in 1 h).[69] A 
sulfated lignin-based catalyst was developed by Antonyraj and Haridas to form FUR and 
hydroxymethylfurfural (HMF) from xylose and fructose, respectively, in a methyl isobutyl ketone 
(MIBK)/H2O 7:3 phase ratio (v/v) system. They reported yields of up to 65% FUR at 175 °C in 3 h 
from xylose and 27% HMF at 150 °C in 3 h from fructose.[70]  
In this work, we have shown how statistical methods can support the design of experiments. 
Furthermore, Starbon® can be functionalized with sulfuric acid and efficiently form FUR from 
xylose. Starbon®450-SO3H has shown hydrothermal stability under the experimental conditions 
presented in this paper and it has reached higher FUR yields in comparison to similar systems 
using carbonaceous catalysts. Moreover, it can be easily separated from the reaction media and 
further reused without losing its catalytic activity.  
A possible alternative to reduce the reaction time presented in this study, could be to increase the 
reaction temperature around 200 °C. As Fig. 2 shows, an area with FUR yields above 60% can 
be reached at approximately 200 °C under 6 h. Naturally, hydrothermal stability of Starbon®450-
SO3H and its feasible reuse under similar experimental conditions have to be investigated. An 
interesting option to avoid further FUR decomposition would be to modify the batch system for a 
plug-flow reactor with an optimized residence time. 
 
Conclusions 
Furfural formation from xylose in the presence of Starbon®450-SO3H was studied in a biphasic 
system using CPME as organic solvent. The major product of the catalyzed dehydration reaction 
of xylose was FUR when adding Starbon®450-SO3H. Minor products detected in the system were 
carboxylic acids and decomposition products, such as humins. The maximum mole fraction yield 
obtained was 70% in 18 h at 175 °C at complete xylose conversion. Whereas the auto-catalyzed 
system at same conditions yielded 59% FUR. Starbon®450-SO3H showed a high selectivity to 
FUR in both the monophasic and biphasic systems. Under these experimental conditions, it is 
demonstrated that the reusability potential of the carbon-based mesoporous material is possible 
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